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Abstract

Feedback control laws for controlling multiple unmanned surface ve-
hilces in arbitrary formations are proposed. The presented formation con-
trol method uses only local sensor-based information. The method of input-
output linearization has been used to erponentially stabilize the relative
distance and orientation of neighboring vehicles with o three-degree-of-
freedom dynamic model. It is shown that the internal dynamics of the
system is also stable. The use of these control laws is demonstrated by
computer simulations. These controllers can be utilized to control an ar-
bitrarily large number of unmanned vehicles moving in very general for-
mations.

1 Introduction

During the last several years, researchers have investigated the formation con-
trol problem for different type of vehicles, including indoor mobile robots, out-
door ground vehicles, aerial vehicles, and underwater and surface vehicles. The
robotic research literature are richer in this regard. Researchers of this field
have used kinematic models of holonomic robots and proposed feedback con-
trol laws to control the group of robots such that they capture/enclose a target
by making troop formations [1]. In this method, the robots do not maintain
a predefined formation during the motion. They change their formation au-
tonomously to surround a target. Other researchers in the robotics field have
implemented a set of elementary behaviors (obstacle avoidance and formation
maintaining behaviors) to control team formations. They have designed a fuzzy
controller based on holonomic kinematic models for each behavior. The overall
response of the robot was the weighted superposition of each behavior [2].
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Also, investigators have considered three sets of geometric parameters to
describe the configuration of a robot team. One set defines the gross position
of a lead robot, a second set describes the relative positions of the robots, and
a third set determines the local relations of the neighboring robots. They have
used a nonholonomic kinematic model for the robots and designed nonlinear
feedback controllers [3].

Researchers have recently designed decentralized feedback laws for a forma-
tion of unmanned aerial vehicles (UAVs). They have treated the dynamic model
of the formation structure as an interconnected system with overlapping subsys-
tems. They have desigued a static state feedback controller for each subsystem
based on their perturbed nominal dynamics [4].

Some researchers have considered the formation control problem for un-
manned underwater vehicles (UUVs). They have presented a biologically in-
spired, decentralized methodology for moving a loose formation of UUVs with
the goal of minimizing outside guidance [5]. Others have proposed an integrated
acoustic navigation system and coordination control maneuver for a formation
of three UUVs and one surface craft [6].

Naval researchers have investigated decentralized formation control schemes
for a fleet of vessels with a small amount of intervessel communication [7].
In their approach, each vessel maintains its position in the formation relative
to a Formation Reference Point, which follows a predefined path. They have
constructed an individual parametrized path for each vessel so that when the
parametrization variables are synchronized, the vessels are in formation.

In the current paper, the problem of control and coordination for many
unmanned surface vehicles moving in formation is investigated. The overall
motion plan for a single unmanned lead vehicle, which can be a virtual vehicle,
is assumed. The dynamic models of the vehicles are considered for designing
the controllers. It consists of the surge, sway, and yaw degrees of freedom. It is
assutned that two independent actuators drive the vehicle.

Two nonlinear decentralized schemes are designed for feedback control within
a formation. In the first scheme, one vehicle controls its relative distance and
orientation with respect to a neighboring vehicle. In the second scheme, a vehicle
maintains its position in the formation by maintaining specified distances from
two neighboring vehicles, or from one vehicle and an obstacle. The idea of
controlling relative distances is adapted from robotics research [3].

The proposed control schemes use only local sensor-based information. Feed-
back linearization method is used and it is shown that the relative distances and
orientations of the vehicles are exponentially stabilized. The stability of zero
dynamics of the systemn is also discussed. These control laws have the advantage
of providing easily computable, real-time feedback control, with provable per-
formance for the entire system. Numerical simulations are presented to demon-
strate the efficiency of these techniques.



Figure 1: A 3 DOF Dynamic Model of a Vehicle

2 Dynamics of a Surface Vehicle

This sections presents the dynamic model of a vehicle, shown in Fig. 1. Three
degrees of freedom, surge, sway, and yaw, are assumed for each vehicle. u, v,
and r, denote the speeds of these DOFs in local coordinate system respectively.
A propeller and a rudder, or two independent thrusters can provide the driving
force and steering torque for the system. The force and torque are denoted by
F and T respectively. Note that in each case only two independent actuations
are available for each 3 DOF vehicle. Therefore the vehicle is an underactuated
dynainic systern, and the stability of its zero dynamics becomes a concern.

It has been shown that with the assumptions of constant inertia, an elliptical
vehicle body, negligible higher order damping terms, and simplification of the
hydrodynamics, the following equations describe the dynamics of the vehicle in
the local coordinate system [8].

Myt — megor +dpyu=F
Tyt + myiur + dyyv =0 (1)
mgst + (e —ma1yuv +dggr =T
m;;’s are the mass and moment of inertia of the vehicles including the hyro-
dynamic added mass and moment of inertia, and d;;’s are the damping coef-
ficients. Omne can use the kinematic relations between the speeds in local and

global coordinate systems and obtain the dynamic equations in terms of the
global coordinates as:
E=;2(fo+F of)

§= g (fy + F 8) (2

b= (fo+T)

Ti3s
where ¢ = cos, 8 = sin, and,
fo = mpdysv s — dyyu b + é('u ¢l — mpu s@)mg
fy = —mpdyyv ¢ — dyu s8 + 9('0 86 + mn,u ch)my (3)
fo = —mnguv — dggé



Mg = Mgy — T

my = it
Equations (2) and (3) describe the dynamics of the vehicles in terms of the
global coordinate components.

3 Formation Control Schemes

The bulk motion of the group of vehciles can be characterized by trajectory
planning and obstacle avoidance algorithms, for example, the method of artificial
potential fields [9]. It is assumed that a hypothetical vehicle as a group leader
adapts the bulk motion of the group as its planned trajectory and other vehicles
of the group follow either the hypothetical group leader or their neighboring
vehicles. Therefore, our attention is focused on controlling the internal geometry
of the formation. Two types of feedback controllers are designed for controlling
the internal geometry.

The first feedback controller is called the I — ¥ controller. It controls the
relative distance and view angle of a vehicle with respect to a neighboring ve-
hicle. This situation is applicable to all formations in which each vehicle sees
one neighbor. Thus it can be used for vehicles marching in a single file or at an
edge of the formation geometry.

Note that the | — 9 controller alone can not define a general formation.
When a vehicle is constrained by more than one neighbor (or obstacle) in the
formation, a second feedback controller is needed to control the distances of the
vehicle from two neighboring vehicles, or from one vehicle and an obstacle. This
controller is called the I -1 controller.

These two local controllers are necessary to define a general formation. Usu-
ally the vehicles at an edge of the formation geometry control their distance
with their immediate front vehicle using the I - 9 controller. The other vehicles
control their distances to their immediate front and side vehicles using the I -1
controller. This is necessary so that a vehicle can also avoid its side vehicle.
Detailed examples are presented in the simulation section of this paper.

3.1 Design of the [ — ¢y controller

In Fig. 2, a system of two neighboring vehicles in the formation is shown. The
vehicles are separated by a distance lj» between the center of mass of vehicle
1 and an arbitrary point, p, on vehicle 2. The arbitrary point has a distance d
with the center of mass. Note that the vehicles are not physically coupled in any
way. A feedback control law for control inputs Fy and T must be determined to
control vehicle 2 such that the desired distance I¢, and view angle ¢, to vehicle
1 are maintained. Therefore the outputs of the control system are: [l12,912].
The state variables that define the dynamics of vehicle 2 are: [zy,y2,6.]). The



Figure 2: I - 9 Control Configuration

state variable-output relations of this control system are obtained by writing
the kinematics equation for I — ¢ configuration.

Acceleration of point p on vehicle 2 can be written in two ways, once with
respect to center of mass of vehicle 1 and once with respect to that of vehicle 2.
The resulting equations are solved for the highest derivatives of the outputs [;»
and 1, to obtain state variable-output relations.

iw = (yz - y1) sog - (132 - 1?:‘1) coy + d6'2 7M1

—df} ey + ha6d (4)
P12 = iz [(f2 — §1) coo = (&2 — £1) se +dby e
+d0f 87 — 2l.12(:¥0 — l12él] (5)
where
ay =6 + P12

TN =61+ P — 02

The goal is finding a control law for the two inputs [Fy, Ty] to stabilize the
outputs. Therefore, the input-output equations are first obtained by writing
the dynamic equations (2) for vehicle 2 and substituting the results into the
kinematics equations (4) and (5).

lu = [fl + ;L-ll-l-Fz en + -mlzT')‘d S’)’l] (6)
Y = [f¢ —aaFesm + 5=Thd 071] (7)



where

f[ = T:;(f_,; coy + fy Sao) + Tnls—s-fod 87 — 3 Cyg — ’_l'/'l Sty
——d0§ cy + llzdg
fo = =2 (—fe 500 + fy cap) + 2= fod e + %1 s — §1 cap

Ty ¥it3s

+df3 sy1 — 2l1ac — hobh

Input-output linearization is used to design a controller based on the input-
output equations (6) and (7). In this method, an asymptotically stable second
order error dynamics is assumed (A; > 0):

€420+ Moe; =0 i=1,2 (8)
where ) and ey are the output errors defined as:
e=ha—lfy  er=yn -9 9

Now, the control laws are derived by combining Eqns. (8) and (9), substituting
the results into input-output equations (6) and (7), and solving for inputs F,
and Ty.

Fz = 'I’Lll[(igz - 2/\1é1 - /\‘fel - fl) (Va5}
— (2 (@, — 20aés — Mey) — fy) sm]  (10)

ms3

T = —=((if; - 201 — Mer = fi) sm

= (ha(PE, — 20aes — Mez) — f) en]  (11)

The distance 112 and view angle ¢ in the [ - ¢ configuration shown in Fig. 2
asymptotically converge to their corresponding desired values, because the con-
trol laws (10) and (11) guarantee that errors vanish as time approaches infinity.
But 6, the orientation of vehicle 2, is not directly controlled. The dynamics
of this degree of freedom when others have been stabilized is referred to as the
zero dynamics of the systemn and its stability has to be investigated separately.

3.2 Zero dynamics stability for the [ — v controller

In this section, the stability of the zero dynamics is proven by considering the
relation between the controlled outputs and the orientation of vehicle 2. This
relation is obtained by the velocity analysis of the I - 9 configuration shown in
Fig. 2 as:

ilz = [(yz - yl) Sty + (.'i?z — Ibl) cag + d92 S’)’l] (12)
bz = (2 — 1) cao — (F2 — 1) sap +dfz en
~l261] (13)



Note that Ly = 1%, 12 = 9%, [1s = 0, and 912 = 0, after the controlled out-
puts have reached the steady state. These conditions are applied to Equs. (12)
and (13) and the results are solved for 6,:

. 1 . . .
g, = a‘ ('—'Uz + 1 ¢l — iy 86, + l‘fz()l C’Yl) (14)

where vy = gy ¢y — @y s03 is the lateral velocity of vehicle 2. Equation (14)
describes the zero dynamics of the I — ¢ controller. This equation is used to
analyze the stability of zero dynamics in cases of circular and linear motions.
3.2.1 Circular motion

First, the stability of 8, is analyzed when vehicle 1 has a circular motion with
constant linear speed 81 = (u? + v#)"®. For a circular motion, the orientation
of vehicle 1 is §; = wt + 019, where 61y is its initial orientation 1. The velocity
components of the motion of vehicle 1 become:

£ = by g = 81 sty (15)
Equation (15) is substituted in Eqn. (14) to obtain:
b2 = L(—vs + 81 8(61 — 6) + Iy c(bh — b2 + V) (16)
This can be further manipulated to obtain the simpler form:
by =2 (61 (b~ 62+ ) ~ o) (17)
where () and f; are constants.
B = V(51 — lfw s98)? + (Ihw cpfy)?
B2 = arctan (5—55122,‘52)

Ifow c¥fy

A change of variable to §)2 = #; — ¢, is made and the following differential
equation is obtained:

by = 3 (v +wd — By (b2 — B)) (18)

Note that vehicle 1 is moving on a circle and vehicle 2 is maintaining a constant
distance with vehicle 1. Therefore, vehicle 2 is also moving on a circle. By
observing the dynamic equations (1), one can conclude that for such a motion
vy is constant. Therefore all parameters in Eqn. (18) are constants, and one can
easily show the asymptotic stability of the following fixed equilibrium point.

wd + vy >
07, = arccos + B 19
12 ( ﬁld ﬁl ( )
Thus the motion of vehicle 2 will locally converge to the equilibrium trajectory:
o5 = 6, - 5, (20)



3.2.2 Linear motion

The stability of zero dynamics is also analyzed when vehicle 1 moves on a
straight line. In this case, the velocity components of vehicle 1 become:

g1=ucbo Hr=wsbhy 6 =0 (21)

where u, is the linear velocity and 8,y is the orientation of vehicle 1. Substituting
Eqns. (21) into Eqn. (14) and simplifying results in:

. 1
@y = 3 (—v2 + wy s(b0 — 02)) (22)

One can obtain the following differential equation with a change of variable to
012 = b1 — 0y .
512 = E(’Uz - Uy 8512) (23)

Since vehicle 1 is moving on a line and vehicle 2 is maintaining a constant
distance with vehicle 1, vehicle 2 is also moving on a line. If the dynamic
equations (1) are simplified with this assumption, it can be shown that for a
linear motion vy is zero. Thus, all the parameters in Eqn. (18) are constant,
and linearization of (18) can easily show the asymptotic stability of the following
coustant equilibrium point.

&, =0 (24)

Thus the motion of the vehicles will locally converge to the equilibrium trajec-
tory:
05 = tho (25)

3.3 Design of the [ — [ controller

In Fig. 3, a system of three vehicles is shown. A controller must be designed to
stabilize the distance of vehicle 3 from the two neighboring vehicles. Distances
are measured from the centers of mass of vehicles 1 and 2 to an arbitrary point
on vehicle 3, which is offset by d from its center of mass. The feedback controller
inputs are the driving force and the steering torque of vehicle 3, F; and Ty. The
desired distances 1% and Ig; to vehicles 1 and 2, respectively, are to be main-
tained. Thus the outputs of the coutrol system are: [l13,l23]. The state variables
that define the dynamics of vehicle 3 are: [z3,ys,63]. The state variable-output
relations of this control system are obtained by writing the kinematics equation
for the ! — I configuration.

The same procedure of writing the acceleration kinematic equations for point
p that was introduced in I - ¥ control can be repeated here. These kinematic
equations can be solved for the second-order derivative of I;3 and ly3. This gives
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Figure 3: I — I Control Configuration

the following state variable-output equations.
i.lg = (yd - yl) Soy + (.'63 - (.131) coy + d93 8y
—dﬂj cys + l13(.'¥'f
log = (s — §2) 0z + (83 — £2) cap + dbfs 573
——d9§ cys + 123(}%
where

oy = th -+ Yo =061 + P13 — 03
ay = Or+tPay =0+ —0

Since the goal is finding a control law for the two inputs [Fy, T] to stabilize the
outputs, the input-output equations are needed. These equations are obtained
by writing the dynamic equations (2) for vehicle 3 and substituting the results’

into the kinematics equations (26) and (27).

hs=hH+ man e + 5 = “-Tyd s7,
125 = fo+ mu —=—Fy cys + "Las ——Tyd sy4



where

fi = g (fo con + fy san) + 5= fod 872 — &1 con — i sn
—d0§ cys + lm(i{‘

fo= ;,}wa cay + fy sap + ;Ll;;fod §ys — &2 Coy — G 802
—dég cys + l23(,'¥%

A controller is desigued for input-output equations (28) and (29) via input-
output linearization. The output errors are defined as

e =iy — 1%, ey = log — 1%, (30)
and an asymptotically stable second order error dynamics is assumed (A; > 0):
€+ 206 + Me; =0 i=1,2 (31)
Now, the control laws are derived by combining Equs. (30) and (31), substituting

the results into input-output equations (28) and (29), and solving for inputs Fy
and Tg.

i Td . 2
Fy=— " (@, _oxne — Ae —~ ) s
3= Has - 011)[( 13 161 — Ajer ~ fi) sy
— (Ig5 = 2Xué2 ~ Mjex — fo) s3] (32)
LUYEF] vd . 9
y= 8 9y 6 — Aey — f) oy
I d s(os — (11)[ (5 = 2\ 61 — Aler — f1) ey

+ (1% — 2Xeé2 — Mes — f2) c1]  (33)

The control laws (32) and (33) guarantee that the distance 3 and lyy in the I -
I configuration shown in Fig. 3 asymptotically converge to their corresponding
desired values. But the orientation of vehicle 3, #3, is not directly controlled and
its response after the outputs have converged (the sero dynamics of the system)
has to be investigated.

3.4 Zero dynamics stability for the { — [ controller

In this section, the stability of the zero dynamics is proven. The velocity analysis
of vehicles 1 and 3 in I — I configuration results in the following kinematic
equations, which describe the relation between the controlled output I3, the
view angle 113, and the orientation of vehicle 3.

i13 = [(‘!]3 - '!/1) sag + (233 - :f?l) cay + dég S’)’z] (34)
Y13 = 3 l(9s = §1) con = (&5 — £1) 01 + dfs ¢y,
—l1361] (35)
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After the controlled outputs have reached the equilibrium, by = I, Iy = I,,
I3 = 0, and I3 = 0. Note that these equilibrium conditions also imply that
13 becomes stabilized at some value ¥f; and ¢13 = 0. These conditions are
applied to (34) and (35) and the results are solved for 63:

03 = 3 (—-’03 + 1 s — iy sBs + l'li391 C’)’z) (36)
where vy = i3 03 — &3 sy is the lateral velocity of vehicle 3. Equation (36)
describes the zero dynamics of the ! - I control system. This equation is very
simnilar to Eqn. (14) in nature. Thus the procedure discussed about the stability
of I - 9 controller can be repeated. It can be shown that for a circular motion of
the group of three vehicles with constant speed, where 8, = wt+#6p and ¢ = w,
the orientation of vehicle 3 converges to the following equilibrium trajectory:

05 = 6y — 8%y (37)
where p
wd + vy
0%, = arccos + 38
13 ( ﬁ;«}d ) 134 ( )
and

Bs = /(1 — 1w s9t,)% + (1w capfy)?
B4 = arctan (”‘—:ﬁﬁw—w’i‘i)

faw c¥ig

Note that vs is constant for a circular motion, and sy is the constant linear
velocity of vehicle 1. Therefore the offset 6f4 is constant. Also with a similar
procedure as was shown for the ! — ¢ controller, it can be shown that when
vehicles 1 and 2 are moving on two parallel straight lines with angles 619 = 6y
with respect to the z-axis, the orientation of vehicle 3 converges to the following
equilibrium trajectory:

95 = 010 = 920 (39)

4 Simulation Results

Numerical simulations show the effectiveness of the controller design and the
accuracy of the stability analysis. Three simulation examples are presented in
this section. In these simulations, the vehicles are agsumed to be identical. The
controller parameters, Ay and Ay, are selected to be 0.4 foralll — ¢ and [ - [
controllers. The numerical values of the dynamic parameters of the vehicles are
as follows [10):

myy = 200 kg iy = 250 kg
mys = 80 kg.m?  dy; =70 kg/s
dys = 100 kg/s  dyz = 50 kg.m® /s

11
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4.1 | — 7 controller

Figure 4 shows two vehicles, where vehicle 2 is commanded to keep a specified
distance, I, = 2.0 meters, and view angle, ¢¥¢, = 7/2 rad, from vehicle 1.
Vehicle 1 is moving on a circle with a radius of 15 m with a constant linear
velocity of 9.42 m/s. It is seen that vehicle 2 is far from the specified formation
at the beginning of the motion, but it maintains the formation parameters after
a while. The orientation of vehicle 2 is shown by the small line segments.
Note that due to the dynamics of the vehicle, the orientation is not necessarily
tangent to the path, but it is stabilized. The response of the controller outputs,
[li2,%12), is shown in Fig. 5. As is expected from Equ. (8), the error dynamics is
asymptotically stable and the controller outputs converge to their corresponding
desired values asymptotically. Figure 6 shows the difference in the orientation
of the two vehicles, d,3. This difference becomes a constant value as dictated
by Eqn. (20).

4.2 | — | controller

Three vehicles are shown in Fig. 7. Vehicle 3 is commanded to keep specified
distances, 1f; = 4.0 and I, = 4.0 meters, from vehciles 1 and 2, respectively.
vehciles 1 and 2 are moving on a straight line at a constant linear velocity of
1.4 m/s. Note that vehcile 3 is not in the specified formation at the beginning
of the motion. The figure shows that it maintains the formation parameters
after some time. The small line segments show the orientation of vehicle 3.
It can be seen that the orientation error is stabilized at zero. The response
of the controller outputs, [l13,l23], is shown in Fig. 8. The error dynamics is
asymptotically stable, as is expected from Eqn. (831). The difference in the
orientation of vehcile 1 and 3, 813, is shown in Fig. 9. This difference becomes
zero as dictated by Eqn. (39).

13
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Vehicle | Controller Follows
1 - a predefined trajectory
2 -9 vehicle 1
3 -1 vehicles 1 & 2
4 -y vehicle 2
5 -1 vehicles 3 & 4
6 1-1 vehicles 3 & 5

Table 1: Formation Structure Setup

4.3 General formation control

The designed controllers are integrated to control more general formations. This
section presents the application of the [ - ¢ and [ - I controllers with multiple
vehicles. Figure 10 shows six vehicles that are initially in a rectangular for-
mation. Table 1 summarizes the formation control structure. The same six
vehicles are shown in Fig. 11 in a triangular formation. Note that the formation
structure that is defined in Table 1 is still applicable for this formation. The
only difference between the two formations is the desired values of the formation
parameters [1¢,, ¥f,] and [I;,14,] for [ — ¢ and I - | controllers respectively. Two
formation change scenarios are presented based on this formation structure.

In the first sirmulation, it is assumed that vehicle 1 is commanded to move on
a parabola by an external trajectory planning algorithm. The group is initially
in a rectangular formation similar to Fig. 10, and is commanded to form a
triangular formation as shown in Fig. 11. This is equivalent to changing the
desired values of the formation parameters. Figure 12 shows the motion of the
six vehicles during this maneuver. The vehicles are at their initial positions at
lower left corner of the figure. By applying the local controllers, the vehicles
successfully change their formation and direction of motion.

In the second sirulation, vehicle 1 is moving on a half-sine trajectory that
is determined by an external trajectory planning algorithm. The group has a
triangular formation as shown in Fig. 11 at the start of the motion. It is assumed
that the group has to form a rectangular formation similar to the one shown in
Fig. 10. The equivalent desired values of the formation parameters are changed
accordingly. The motion of the six vehicles during this maneuver is shown in
Fig. 13. Once again the local controllers successfully change the formation of
the group.

5 Conclusions

The formation control of an arbitrary number of vehicles was investigated. Two
local control laws were introduced that control the relative positions of neigh-
boring vehicles based on sensor information. Since the control schemes are local,

each vehicle has to have information about only one or two of its neighbors, de-
pending on the location of the vehicle in the formation. The dynamic models of

15
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the vehicles were used to design the controllers. Since the vehicles are underac-
tuated, the stability of the internal dynamics of the system (orientation of the
vehicle) had to be investigated. It was shown that for circular and linear motion
of the formation, internal dynamics of the vehicles is asymptotically stable. The
effectiveness of the control algorithimn was shown by numerical simulations.

Sensitivity to parameter uncertainty, local and global obstacle avoidance,
autonoroous formation planning, and robustness to failure of a group member
are interesting topics that are being investigated. Also, an experimental setup
is being designed and built at Center for Nonlinear Dynamics and Control,
Villanova University.
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